Abstract-High power sources and high sensitivity detectors are highly in demand for terahertz imaging and sensing systems. Use of nano-antennas and nano-plasmonic light concentrators in photoconductive terahertz sources and detectors has proven to offer significantly higher terahertz radiation powers and detection sensitivities by enhancing photoconductor quantum efficiency while maintaining its ultrafast operation. This is because of the unique capability of nano-antennas and nano-plasmonic structures in manipulating the concentration of photo-generated carriers within the device active area, allowing a larger number of photocarriers to efficiently contribute to terahertz radiation and detection. An overview of some of the recent advancements in terahertz optoelectronic devices through use of various types of nano-antennas and nano-plasmonic light concentrators is presented in this article.
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I. INTRODUCTION
T HERE is a growing interest in developing high power terahertz sources and high sensitivity terahertz detectors for advanced imaging and sensing application [1] - [14] . Among various techniques for terahertz generation and detection, photoconduction has been one of the most promising and commonly used techniques [15] - [34] . An optical beam from a femtosecond mode-locked laser or two heterodyning optical beams with a terahertz frequency difference pump an ultrafast photoconductor connected to a terahertz antenna to generate/detect pulsed or continuous-wave terahertz radiation, respectively. Availability of high power, wavelength tunable, and compact optical sources with pulsed and continuous-wave operation has been a major driving force for use of photoconductive terahertz sources and detectors. However, the main obstacle of these devices that prevents high power terahertz generation and high sensitivity terahertz detection has been the inherent tradeoff between high quantum efficiency and ultrafast operation in conventional photoconductors. By looking closely at the operation of photoconductive terahertz sources and detectors, one can see that this inherent tradeoff is due to the limited carrier transport velocities in semiconductor substrates, which is bound by carrier scattering inside the semiconductor lattice. For efficient generation/detection of terahertz radiation in a photoconductive device, the transport time of the photo-generated carriers to the device contact electrodes should be a fraction of the terahertz oscillation cycle [35] , [36] . Considering carrier drift velocity values in photo-absorbing semiconductor substrates, carrier transport path lengths of less than 100 nm are required for this purpose. Since focusing an optical beam into such sub-wavelength dimensions is diffraction limited, efficiency of conventional photoconductive terahertz sources and detectors is limited by relatively long transport path lengths of the photo-generated carriers within the device active area. To address this limitation, several photoconductive terahertz sources and detectors based on optical nano-antennas and nanoplasmonic light concentrators have been demonstrated in recent years. By concentrating the optical pump beam in close proximity to the device contact electrodes and beyond the diffraction limit, a large portion of the photo-generated carriers is generated within nanoscale distances from the device contact electrodes and, thus, efficiently contributes to terahertz generation and detection. In this paper, we present an overview of some of the recent advancements in photoconductive terahertz sources and detectors based on optical nano-antennas and nano-plasmonic light concentrators, enabling significant enhancement in output power and detection sensitivity of photoconductive terahertz sources and detectors, respectively.
II. PHOTOCONDUCTIVE TERAHERTZ SOURCES AND DETECTORS BASED ON OPTICAL NANO-ANTENNAS AND NANO-PLASMONIC LIGHT CONCENTRATORS

A. Photoconductive Sources Based on Optical Nano-Antennas
The impact of incorporating optical nano-antennas inside the active area of photoconductive terahertz sources has been 2156-342X © 2015 IEEE. Personal use is permitted, but republication/redistribution requires IEEE permission.
See http://www.ieee.org/publications_standards/publications/rights/index.html for more information. ] has been fabricated between the anode and cathode contact electrodes of photoconductive terahertz sources integrated with bow-tie antennas [37] , [38] . The use of optical nano-antennas results in a tight confinement of the optical pump and, thus, high concentration of the photo-generated carriers near the contact electrodes at the plasmon resonance of the utilized nano-antennas. As a result, up to three times terahertz radiation enhancement levels have been achieved in pulsed operation.
B. Photoconductive Sources Based on Plasmonic Contact Electrode Gratings
The impact of nano-plasmonic contact electrodes on the performance of photoconductive terahertz sources has been also investigated in a recent study. For this purpose, the performance of a plasmonic photoconductive source with plasmonic contact electrode gratings [39] , [40] has been analyzed together with a comparable conventional photoconductive source without plasmonic contact electrodes [see Fig. 2 (a)] [36] . Bow-tie antennas with identical radiation properties have been used in this study and the photoconductive sources have been designed to induce the same parasitic loading to their respective terahertz antennas. Conventional and plasmonic sources have been fabricated sideby-side on the same low temperature grown (LT) GaAs substrate and characterized under the same operation conditions [41] . The radiated terahertz power from both sources pumped by a Ti:sapphire laser ( nm) has been measured under various optical pump powers and bias voltages, indicating up to 50 times higher power levels radiated from the plasmonic source [ Fig. 2(b) ] [36] . This significant radiation enhancement is due to the use of plasmonic contact electrode gratings, which enhances the concentration of the photo-generated carrier in close proximity to the plasmonic contact electrode gratings. By reducing the average transport path length of the photo-generated carriers to the plasmonic contact electrodes, a larger portion of the photo-generated carriers is drifted to the terahertz antenna within a sub-picosecond time-scale and, thus, higher terahertz power levels are achieved.
It should be noted that the photocarrier concentration enhancement in close proximity to the plasmonic contact electrode gratings is the result of two processes. The first process is excitation of surface waves on top of the plasmonic contact electrode gratings, which allows efficient transmission of the incident optical pump through the subwavelength gaps between the metallic electrodes into the photo-absorbing substrate. This is achieved by an appropriate choice of grating geometry to couple the incident optical wave to the guided modes supported by the metallic gratings through the excited surface waves [42] . The second process is tight confinement of the excited surface waves at the metal-semiconductor interface, the so called surface plasmon field enhancement, which is directly affected by the complex permittivity of the utilized metal at the optical pump wavelength.
The impact of plasmonic contact electrode gratings on enhancing the output power of photoconductive terahertz sources is universal and can be employed in various types of photoconductive terahertz source architectures with a variety of radiating antennas and bias feeds in both pulsed and continuouswave operation [43] . As an example, the impact of incorporating plasmonic contact electrode gratings in a 3 3 array of photoconductive terahertz sources with logarithmic spiral antennas fabricated on a LT-GaAs substrate has been explored [ Fig. 3(a) ]. Terahertz radiation power levels as high as 2 mW have been achieved in pulsed operation. Such high radiation power levels have been possible not only by the high photoconductor quantum efficiencies offered by the plasmonic contact electrode gratings but also by the use of broadband logarithmic spiral antennas and by mitigating the carrier screening effect at high optical pump powers [ Fig. 3(b) ] [44] .
C. Photoconductive Detectors Based on Plasmonic Contact Electrode Gratings
Following the study on photoconductive sources integrated with plasmonic contact electrodes, the impact of plasmonic contact electrode gratings on the performance of photoconductive detectors has been investigated. For this purpose, a conventional photoconductive detector without plasmonic contact electrodes and a plasmonic photoconductive detector with plasmonic contact electrode gratings are fabricated on the same LT-GaAs substrate and characterized under the same operation conditions. Bow-tie antennas with identical radiation properties have been used in this study [see Fig. 4(a) ] and the performance of the fabricated photoconductive detectors has been investigated in a time-domain terahertz spectroscopy setup [36] , [45] . Experimental results indicate 30 times higher responsivity levels offered by the plasmonic photoconductive detector compared to the conventional design [see Fig. 4(b) and (c)] [36] , [45] . The experimental results also indicate the same output noise levels from the plasmonic and conventional photoconductive detectors, dominated by the Johnson-Nyquist noise [46] . Therefore, a 30-fold enhancement in terahertz detection sensitivity is offered by the plasmonic photoconductive detector [36] , [45] .
Similar terahertz detection sensitivity enhancement levels [ Fig. 5(a) ] have been also demonstrated by incorporating nano-interlaced contact electrodes in a photoconductive terahertz detector with a dipole terahertz antenna fabricated on a semi-insulating (SI) GaAs substrate [ Fig. 5(b) ] [47] . For this purpose, the plasmonic resonances of the interlaced structure have been used to efficiently couple the optical pump pulse into the narrow gaps between the contact electrodes. These gaps sweep out the generated photocarriers in a sub-picosecond time range allowing comparable bandwidths with a LT-GaAs device.
D. Large Area Photoconductive Sources Based on Plasmonic Contact Electrode Gratings
Another promising photoconductive terahertz source architecture that has been utilized to explore the impact of nanoplasmonic contact electrode gratings is large area photoconductive source architecture [48] , [49] . Large area photoconductive sources can offer high power terahertz radiation because of their capacity to handle relatively high optical powers without suffering from the carrier screening effect and thermal breakdown. Additionally, they can offer broadband terahertz radiation due to the fact that the terahertz radiation is generated by time- varying dipole moments induced within the device active area with dipole lengths much smaller than terahertz wavelengths. In a recent study, an array of plasmonic contact electrode gratings has been incorporated in the active area of a large area photoconductive source [ Fig. 6(a) ] and two orders of magnitude higher optical-to-terahertz conversion efficiencies has been achieved compared to previously demonstrated non-plasmonic large area photoconductive sources [23] . As such, pulsed terahertz radiation powers as high as 3.6 mW have been demonstrated at 150 mW optical pump power [ Fig. 6(b) ] over 0.1-5 THz frequency range [ Fig. 6(c) ] with a terahertz radiation pulse width of 0.5 ps FWHM [ Fig. 6(d) ] [48] , [49] .
Another advantage of using nano-plasmonic contact electrodes in photoconductive terahertz sources is that it eliminates the need for short-carrier lifetime semiconductors. This design flexibility is due to the fact that the ultrafast operation of plasmonic photoconductors is offered by photocarrier spatial manipulation in the device active area, rather than photocarrier recombination out of the device active area [35] . It should be noted that all of the utilized techniques for developing short-carrier lifetime semiconductors incorporate a high density of trap sites within the semiconductor lattice and therefore degrade carrier mobility and photoconductor quantum efficiency significantly. The high density of the trap sites in short-carrier lifetime semiconductors also degrades semiconductor's thermal conductivity, which leads to a premature thermal breakdown of photoconductors at high optical pump power levels. Therefore, plasmonic contact electrodes enable a new generation of high-performance photoconductive terahertz devices based on long-carrier lifetime semiconductors. As an example, a plasmonic photoconductive terahertz source with dipole terahertz antenna arrays has been implemented on an epitaxially grown InGaAs substrate [ Fig. 7(a) ] and its terahertz radiation in response to a Ti:sapphire laser ( nm) has been characterized [35] . The results indicate significantly higher radiated power levels compared to previously demonstrated photoconductive sources with planar dipole antennas on short-carrier lifetime InGaAs substrates [ Fig. 7(b) ].
E. Photoconductive Mixers Based on Plasmonic Contact Electrode Gratings
The impact of nano-plasmonic contact electrodes on the performance of photoconductive terahertz sources has been also explored in continuous-wave operation [50] , [51] . For this purpose, a photomixer with plasmonic contact electrode gratings and a logarithmic spiral antenna has been fabricated on an ErAs:InGaAs substrate [ Fig. 8(a) and pumped with two wavelength-tunable continuous-wave optical sources ( nm) with a controllable frequency difference in the 0.25-2.5 THz range. In order to mitigate thermal breakdown at high optical pump powers, the optical pump has been modulated with a duty cycle of less than 10%. In the meantime, the modulation frequency of the optical pump has been chosen to limit the linewidth broadening of the radiated terahertz wave to less than 50 MHz. At an average optical pump power of 150 mW, 
F. Photoconductive Sources Based on Three-Dimensional Plasmonic Contact Electrode Gratings
As discussed in the previous sections, incorporating nano-plasmonic contact electrodes in photoconductive terahertz devices can significantly enhance the photoconductor quantum efficiency by concentrating a larger fraction of the incident pump photons near the device contact electrodes. This enhancement mechanism has been widely used in various photoconductive terahertz devices with a variety of device architectures and operational settings, demonstrating significant enhancements in the radiation power and detection sensitivity of photoconductive terahertz sources and detectors, respectively. Most of the demonstrated photoconductive terahertz devices based on nano-plasmonic contact electrodes have utilized two-dimensional nanostructures fabricated on the surface of the photo-absorbing semiconductor substrate. By use of two-dimensional nano-plasmonic contact electrodes, the concentration of the photocarriers within the device active area is enhanced for the photocarriers that are generated near the surface of the photo-absorbing semiconductor substrate. However, the device efficiency is still limited by the photocarriers generated deeper in the photo-absorbing substrate.
To address this limitation, a photoconductive terahertz source based on three-dimensional nano-plasmonic contact electrodes embedded inside the photo-absorbing substrate has been demonstrated. A logarithmic spiral antenna has been used for this study and the photoconductive terahertz source has been fabricated on a LT-GaAs substrate [ Fig. 9(a) ]. High-aspect ratio metallic gratings have been used for the three-dimensional plasmonic contact electrodes and have been designed to excite the fourth-order TEM guided mode of the subwavelength slab waveguides formed by the metallic gratings in response to a TM-polarized optical pump at 800 nm wavelength [42] , [52] . This enables efficient coupling of 70% of the 800 nm optical pump into LT-GaAs nanostructures with 400 nm depth inside the substrate [ Fig. 9(b) ] [53] . The radiated terahertz power from the photoconductive terahertz source with three-dimensional plasmonic contact electrodes has been characterized [ Fig. 9(c) ] and compared with a similar photoconductive terahertz source with two-dimensional plasmonic contact electrodes [ Fig. 9(d) ]. Up to one order of magnitude higher optical-to-terahertz conversion efficiencies have been achieved by use of the three-dimensional plasmonic contact electrodes. Broadband terahertz radiation power levels as high as 105 W have been demonstrated in the 0.1-2 THz frequency range in response to a 1.4 mW optical pump, exhibiting a record-high optical-to-terahertz power conversion efficiency of 7.5% [54] .
III. CONCLUSION
In summary, an overview of some of the recent advancements in terahertz optoelectronic devices based on optical nano-antennas and nano-plasmonic light concentrators is presented. The use of nano-antennas and nano-plasmonic structures has proven to be very effective in enhancing the radiation power and detection sensitivity of photoconductive terahertz sources and detectors, respectively. This is because of the unique capability of nano-antennas and nano-plasmonic structures in manipulating the concentration of the photocarriers near the photoconductor contact electrodes, allowing a larger number of the photocarriers to reach the photoconductor contact electrodes within a terahertz oscillation cycle to efficiently contribute to terahertz radiation and detection. The role of nano-antennas and nano-plasmonic light concentrators in enhancing the efficiency of photoconductive terahertz devices is universal and can be employed in various types of photoconductive terahertz source/detector architectures with different types of terahertz radiating/receiving antennas, photo-absorbing substrates, and optical pump wavelengths in both pulsed and continuous-wave operation. Additionally, various types of two-dimensional and three-dimensional nano-plasmonic structures can be utilized to enhance the performance of photoconductive terahertz sources and detectors.
The use of nano-antennas and nano-plasmonic structures can also eliminate the need for short-carrier lifetime semiconductors, which have lower carrier mobilities and thermal conductivities compared to high quality crystalline semiconductors [55] . This would have a significant impact on future high efficiency photoconductive terahertz sources and detectors used in time-domain and frequency-domain terahertz imaging and spectroscopy systems. It could also lead to a new generation of photoconductive terahertz sources and detectors based on photo-absorbing semiconductors with unique functionalities (e.g., graphene-based photoconductive optoelectronics that benefit from superior carrier mobility and GaN-based photoconductive optoelectronics that benefit from superior thermal conductivity).
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